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a b s t r a c t

The environmental influence of farm management in concentrated animal feeding opera-

tions (CAFO) can yield vast changes to themicrobial biota and ecological structure of both the

pig andwastemanure lagoonwastewater.While someof these changesmaynot benegative,

it is possible that CAFOs can enrich antibiotic resistant bacteria or pathogens based on farm

type, thereby influencing the impact imparted by the land application of its respective

wastewater. The purpose of this study was to measure the microbial constituents of swine-

sow, -nursery, and -finisher farm manure lagoon wastewater and determine the changes

induced by farm management. A total of 37 farms were visited in the Mid-South USA and

analyzed for the genes 16S rRNA, spaQ (Salmonella spp.), Camp-16S (Campylobacter spp.), tetA,

tetB, ermF, ermA, mecA, and intI using quantitative PCR. Additionally, 16S rRNA sequence li-

braries were created. Overall, it appeared that finisher farms were significantly different

from nursery and sow farms in nearly all genes measured and in 16S rRNA clone libraries.

Nearly all antibiotic resistance genes were detected in all farms. Interestingly, the mecA

resistance gene (e.g. methicillin resistant Staphylococcus aureus) was below detection limits

onmost farms, and decreased as the pigs aged. Finisher farms generally had fewer antibiotic

resistance genes, which corroborated previous phenotypic data; additionally, finisher farms

produced a less diverse 16S rRNA sequence library. Comparisons of Camp-16S and spaQ GU

(genomic unit) values to previous culture data demonstrated ratios from 10 to 10,000:1

depending on farm type, indicating viable but not cultivatable bacteria were dominant. The

current study indicated that swine farm management schemes positively and negatively

affect microbial and antibiotic resistant populations in CAFO wastewater which has future

“downstream” implications from both an environmental and public health perspective.
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1. Introduction

Ecological adaptation, in any environment, is necessary for

survival. Many factors influence bacterial adaptation within

concentrated animal feeding operations (CAFOs); particularly,

animal age and type, management (feeding and antibiotic

use), and CAFO house design. Within a single industry, it is

expected that animal age and animal management yield the

most influence. Swine CAFOs can be separated into three

stages or types based on age, each with their own animal and

wastemanagement: 1) sow (breeding, gestation, farrowing); 2)

nursery (21 de18 kg feeders); and 3) finisher farms (feeders to

113 kg) (McLaughlin et al., 2009). At each stage, animal man-

agement, including antibiotics, is carefully employed to sus-

tain growth or treat infection (Sengelov et al., 2003; Rajic et al.,

2006). Typically, swine liquid manure (e.g. wastewater) is land

applied, which is essential to farm sustainability, regardless of

farm stage (McLaughlin et al., 2009). Thus, each operation

imposes its own selective pressures on gut microbiota and

manure microbial populations; changes to antibiotic resis-

tance, pathogens, and microbial ecology can serve as in-

dicators, shedding light on agriculture’s role in public and

environmental health.

Some swine operators are shifting to focus on one devel-

opmental stage. This shift is largely dependent on market

demands, centralized distribution, or environmental regula-

tion. Nutrients, pathogens, and antibiotic resistance can be

influenced by swine farm type (McLaughlin et al., 2009; Brooks

and McLaughlin, 2009). Brooks and McLaughlin (2009)

demonstrated a marked increase in antibiotic resistance

from sow and nursery farms compared to finisher farms. A

broad-range of antibiotics are administered on a large-scale

basis, often in feed and water, throughout the pig rearing

process, with a focus at early stages (Jindal et al., 2006; Rajic

et al., 2006). Previous research only considered cultivated

antibiotic resistant and pathogenic bacteria (Leung and Topp,

2001, Sengelov et al., 2003, Chinivasagam et al., 2004; Binh

et al., 2008), though few studies measured genotypic resis-

tance (Barkovskii et al., 2012; Chen et al., 2010). It is well

known, that cultivation captures w0.1% of bacteria; thus,

potential antibiotic resistance, from both pathogenic and

commensal bacteria, are uncounted. Quantitative polymerase

chain reaction (qPCR), which is culture independent, over-

comes this deficiency, yielding a more conservative quantifi-

cation of microbial risks, which ultimately affects microbial

risk assessment (Brooks et al., 2012).

Swine manure wastewater research recently has incorpo-

rated 16S rRNA fingerprinting, sequence libraries, and qPCR.

Cotta et al. (2003), using a combination of culture and 16S

rRNA gene sequencing, determined that lagoon wastewater

was dominated by Clostridium, Enterococcus, and Bacteroides.

Hog management and lagoon physicochemistry have led to

temporal shifts in the microbial population (Cook et al., 2010;

Lovanh et al., 2009). However, these studies focused on one

swine farm type and offered no comparison based on farm

type.

Therefore, the purpose of this study is to determine the

effect of three different farm types: sow, nursery, and finisher

farm management on select microbial populations of manure

lagoon wastewater using culture-independent methodolo-

gies. The effect of farm management was quantified and

qualified by targeting total eubacterial (i.e. 16S rRNA), antibi-

otic resistant, and bacterial pathogenic populations.

2. Materials and methods

2.1. Sample collection

Samples were collected in conjunction with previous studies

(Brooks andMcLaughlin, 2009; McLaughlin et al., 2009). Briefly,

samples were collected from 37 anaerobic swine manure la-

goons located in the Southeastern United States, from three

different farm types, comprised of 17 sow, 10 nursery, and 10

finisher farms. Samples were collected at six locations per

lagoon (three each on opposite lagoon sides) in sterile 250 ml

polypropylene bottles using a modified PVC floatation float

(McLaughlin et al., 2014). Sample aliquots were immediately

frozen at �20 �C overnight and transferred to �65 �C for per-

manent storage.

2.2. DNA extraction

Frozen samples were thawed in a 25 �C waterbath prior to

DNA extraction. Samples were processed by compositing 5 ml

from each of 6 sub-samples, per lagoon, followed bymicrobial

DNA extraction using a modified procedure employing the

Mobio Power Soil DNA Extraction Kit (Mobio Laboratories, Inc.;

Carlsbad, CA) and the Qiagen Qiamp DNA Stool kit (Qiagen;

Valencia, CA). Briefly, the Power Soil kit was modified by

removing lysis buffer from the bead beating tubes and

replacedwith 2ml of the composited sample. The sample was

then centrifuged at 20,000� g for 3 min and repeated three

times, with interval ice steps. The supernatant was discarded

at the final step, followed by addition of 450 ml of Qiagen ASL

buffer andmixed by vortex. The entire volumewas placed in a

Fast Prep FP120 (Qbiogene, Inc.; Carlsbad, CA) at speed setting

5.0 for 20 s, and repeated three times with interval ice steps.

Following shaking, a 20 ml lysozyme solution (65 mgml�1) was

added to the mixture and incubated at 37 �C for 20 min, fol-

lowed by 99 �C in a dry heat block for 10 min. The heated so-

lution was vortexed for 15 s and centrifuged at 20,000� g for

1 min. The Qiagen Stool DNA extraction kit was then followed

beginning with step 6 of the manufacturer’s protocol.

2.3. PCR analysis

The resulting DNA was assayed for the presence of eubacte-

rial, pathogenic, and antibacterial resistance genes: 16S rRNA

(total eubacteria), spaQ (Salmonella spp.), Camp-16S (Campylo-

bacter), tetA, tetB, intI, ermA, ermF, andmecA using qPCR. Primer

pairs used in the study were as follows: 16S rRNA-16Sfor/rev

(Nadkarni et al., 2002), Salmonella spp.-spaQF/R (Kurowski

et al., 2002), Campylobacter spp.-campF2/R2 (Lund and

Madsen, 2006), tetracycline resistance-tetAF/R and tetBF/R

(Fan et al., 2007), class I integron-intIF/R (Hardwick et al., 2008),

erythromycin resistance-ermAF/R and ermFF/R (Chen

et al.,2010), and methicillin resistance-mecAF/R (Sabet et al.,
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2007). The three-stage qPCR cycling conditions were as fol-

lows: one cycle at 95 �C for 10 min; 40 repetitions of two

temperature cycles at 95 �C for 15 s, 60 �C for 1 min; followed

by melt curve analysis at 95 �C for 15s, 60 �C for 30 s, and 95 �C
for 15 s qPCR analyses were conducted in an ABI 7300 real-

time system (Applied Biosystems, Foster City, CA) using ABI

96-well PCR plates, ABI qPCR-grade sealing film, and ABI syber

green master mix. All samples were run in duplicate and

amplification signals were quantified with a PCR-based stan-

dard curve and confirmedusingmelt-curve analysis. Standard

control DNA was extracted from pure colony cultures using

the Mobio Microbial DNA isolation kit. Standards were PCR-

amplified, purified (Qiagen PCR Purification Kit), quantified,

and serially diluted from 5 � 105 to 5 genomic unit per ml.

Standard control isolates were as follows: 16S rRNA-Escher-

ichia coli ATCC 25922 (American Type Culture Collection;

Mansass, VA); spaQ-Salmonella enterica ATCC 14028; Camp-

16S-C.jejuni ATCC 33560; tetA-tetracycline resistant environ-

mental E. coli isolate; tetB-tetracycline resistant environmental

E. coli isolate; intI-class I integron environmental E. coli isolate;

ermA-erythromycin resistant environmental Staphylococcus

spp. isolate; ermF-erythromycin resistant environmental

Staphylococcus spp. isolate; and mecA-methicillin resistant

Staphylococcus aureus ATCC BAA-1720. Sample results were

reported as GU 100 ml�1 of swine effluent.

2.4. Clone library analysis

16S rRNA sequence clone libraries were prepared for sow,

nursery, and finisher farm lagoons. Extracted DNA, from each

lagoon, was first amplified with 16S rRNA primers, 8F and

1492R, using previously established conditions (Brooks et al.,

2010). To avoid or at least limit amplification bias, three

replicate sub-samples were separately amplified and com-

bined using the Qiagen PCR purification kit prior to enzyme

digestion. All reactions were carried out on a Thermo-

Scientific Hybaid 0.2G thermocycler (Thermo-Scientific; Wal-

tham,MA). To limit the number of libraries, lagoonswere then

selected based on amplified ribosomal DNA restriction anal-

ysis (ARDRA) (Massol-Deya et al., 1997). Briefly, each PCR

product (500 ng) was subjected to enzyme restriction digestion

using 3 units of RSA I (New England Biolabs; Ipswich, MA) and

run on a Metaphor gel (3%) (Lonza Group Ltd; Switzerland) for

6 h at 100 V, using a modified ARDRA (Liu et al., 1997). Digest

profiles were visually annotated and characterized using an

AlphaImager with AlphaEase software V 4.0 (ProteinSimple;

Santa Clara, CA). Lagoon profiles were manually compared to

one another, and screened to remove duplicate or nearly

identical bacterial community profiles within each farm type.

A total of 9 clone libraries were then prepared. Purified 16S

PCR products were then ligated into the Qiagen pDrive

plasmid (Qiagen; Valencia, CA) and transformed into compe-

tent Qiagen E. coli cells using the Qiagen PCR cloning kit

(Qiagen). Libraries comprised 5 sow, 2 nursery, and 2 finisher

farms.

Individual clones were selected, amplified, and sequenced

using both the 8F and 1492R primers. An ABI 3130xl Big Dye

Terminator sequencing system (Applied Biosystems) was

used for sequence reactions. Basecalls were viewed and edited

using ABI Sequence Scanner (Applied Biosytems). Contiguous

sequences (w1500 bp), prepared from forward and reverse

reads, were generated via Sequencher v. 4.8 (Gene Codes

Corporation; Ann Arbor, MI) using default settings.

Phylogenetic comparisons and sequence identifications

were made using MOTHUR (Schloss et al., 2009) and the Ri-

bosomal Database Project (Cole et al., 2003), respectively.

Sequence libraries were composited into sow, nursery, and

finisher lagoons and compared for differences in community

richness, diversity, and structure. Approximately 900 clones

were investigated, with approximately 530 used to construct

libraries (sow¼ 292, nursery¼ 101, finisher¼ 128). Contiguous

16S rRNA sequences were compiled into individual libraries

using Bioedit (Hall, 1999) and operational taxanomic units

(OTUs) were assessed with MOTHUR at an OTU cutoff of 0.03.

Sequence libraries were compared in pairwise fashion using

libshuff and parsimony MOTHUR commands using a Tukey

corrected p value of 0.0025. Individual libraries were subjected

to MOTHUR rarefaction, chao-richness, and Shannon-

diversity calculations to assess shared species-richness and

diversity.

2.5. Statistics

Mean pathogen and antibiotic resistant qPCR levels were

grouped by farm type and transformed to log10 values prior to

statistical analyses. Geometric means were calculated for

each farm type. A PROCMIXEDmodel analysis was conducted

using SAS Enterprise Guide 4.0 where qPCR levels (dependent

variable) were compared based on swine farm type (class

variable). Mean valueswere compared to ascertain differences

between farm types. Residuals were normally distributed and

the protected Fisher’s least significant difference was used to

determine significant pairwise differences.

3. Results and discussion

3.1. Pathogen genes

Analysis of 16S rRNA, pathogen, and antibacterial resistance

genes revealed high values (>105 100 ml�1) in at least one of

every farm lagoon type (Fig. 1). The 16S rRNA gene levels in

swine farm lagoon effluents was approximately 1011 GU

100 ml�1, with statistically higher levels from finisher farms,

followed by nursery and sows. These levels were similar to

those obtained from farrowing facilities in other reported

studies, approximately 1010e1011 GU 100 ml�1 (Cook et al.,

2010). To our knowledge, no study compares 16S rRNA levels

throughout all three stages of swine production. Interestingly,

finisher farms appeared to have the most stable and

numerous bacterial populations, possibly as a result of fewer

antibiotic inputs and an overall healthier/stabilized micro-

biota associated with older pigs. Campylobacter spp.16S rRNA

(Camp-16S) levels were approximately 5e7 orders of magni-

tude less than the generic 16S rRNAmeasurements, described

above. As with 16S rRNA, finisher farms were the most

numerous, while sow farms had the least amount of

Campylobacter-16S. Previous work conducted on these farms,

demonstrated that Campylobacter (via culture most probable

number assay [MPN]) were not statistically different when
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means were compared across farm types (McLaughlin et al.,

2009). However, Campylobacter-16S levels increased from 104

to 106 GU 100 ml�1, sow to finisher farms, respectively; dif-

ferences in levels may be due to selection imparted by swine

management or by PCR inhibitors. Interestingly, these differ-

ences weren’t noted in the previous study using culture

analysis. The presence of Salmonella (spaQ) was not influenced

by farm type, which corroborated previous culture analyses

(McLaughlin et al., 2009).

Interestingly, Camp-16S and spaQmean levels (for all three

farms) were not statistically different (w106), while culture

detection differed by nearly two orders magnitude

(Campylobacter > Salmonella) (McLaughlin et al., 2009). This

may indicate that Campylobacter is more suited for the pig or

pig manure environment, with fewer propensities towards

viable but not cultivatable (VBNC) cells. At the very least, this

may indicate coextraction of DNA and/or PCR-inhibiting sub-

stances in sow and nursery farmswhich negatively influenced

Campylobacter detection. Some Campylobacter assays were

positive for culture but PCR-negative (data not shown), also

indicating PCR inhibition or the result of increased sensitivity

due to greater sample volume in the culture assay. In either

instance, discrepancy in values can affect predictive risks

(Brooks et al., 2012).

To investigate this, a GU to MPN ratio was developed using

data from the current and previous studies, respectively

(Table 1). The mean Campylobacter ratio was approximately

250:1, while Salmonella was approximately 26,000:1 GU:MPN,

indicating a large discrepancy between qPCR and culture,

particularly for Salmonella. Overall, the discrepancy between

qPCR and culture techniqueswasmore pronounced in finisher

farms over nursery and swine farms, indicating a propensity

towards viable but not cultivatable pathogens as the pig-

rearing process continued. This may also suggest more

inhibitory substances in sow and nursery farms. Ratios

assumed that detection of GU was 1:1, meaning that one GU is

equivalent to one cell, though it is well known that cell gene

copy numbers vary, dependent on species or microbial

metabolic state (Nadkarni et al., 2002). Therefore, the

discrepancy in levels may be artificially high, though most

likely not above a ratio of 10:1, indicating that VBNCs account

for the remainder of the discrepancy and may become the

physiological state of choice in some farm operations. This

may have significant public health implications, regarding

these operations and their land-applied fecal wastes, partic-

ularly if only cultivated values are reported or acted upon. For

instance, it is well known that Campylobacter is prominent in

poultry; however, Campylobacter is rarely detected in poultry

litter using culture techniques (Brooks et al., 2010; Eberle et al.,

2013; Roberts et al., 2014); however, using qPCR, Rothrock et al.

(2008) demonstrated Campylobacter levels at w103 g�1. This

phenomenon is expected with a cultivation-recalcitrant bac-

terium such as Campylobacter, given its growth requirements

and fastidious nature. In the current study, Salmonella ratios

were larger; therefore, it’s possible that Salmonella readily

enters a VBNC state under certain farm conditions, thus

limiting accurate detection via culture. Additionally, it can’t go

without stating that continuous antibiotic use during any

phase could select for VBNC or inactivate bacteria while DNA

remains. Regardless of the reason, single reporting of either

cultivated or molecular number may under- or over-estimate

pathogen values, leading to misrepresentation of potential

risk (Brooks et al., 2012).

3.2. Antibiotic resistance genes

All tested antibiotic resistance genes were found in at least

one of each type of swine farm, except for finisher farms

which did not have detectable levels of mecA (Table 2). mecA

was the least prevalent antibiotic resistance gene with

numbers ranging from below detection to 104 GU 100 ml�1.

Recently, reports have stated that pig products and farms

contain methicillin resistant S. aureus (MRSA) (Casey et al.,

2013; Smith et al., 2013); though to date, no study has

demonstrated the presence of mecA genes or MRSA in swine

manure lagoon effluent. In a previous study generic staphy-

lococci levels (w106 CFU 100 ml�1) in a commercial swine sow

farm included in the current study remained stable

throughout the year, regardless of season (McLaughlin et al.,

2012). While no attempt was made to speciate the staphylo-

cocci, it is conceivable that a proportion could be S. aureus;

further research is warranted to ascertain the level of S.

aureus, and by extension MRSA, in swine manure lagoon

effluent and its potential impact. The current study suggests

Table 1 e Molecular to culture ratios as influenced by
swine farm type.

Farm type Arithmetic mean GU:MPN ratio

Campylobacter Salmonella

Sow 1.1 � 101:1 2.6 � 104:1

Nursery 9.1 � 101:1 1.2 � 104:1

Finisher 5.9 � 102:1 4.6 � 104:1

Mean 2.5 � 102:1 2.6 � 104:1

Fig. 1 e Influence of swine farm type on multiple bacterial

genes. 16S e 16S rRNA; Cp e Campylobacter spp.; Sm e

Salmonella spp.; tetA e tetracycline resistance A gene;

tetB e tetracycline resistance B gene; mecA e methicillin

resistance gene; intI e class 1 integron integrase gene;

ermA e erythromycin resistance A gene; ermF e

erythromycin resistance F gene.
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that mecA can number as high as 104 GU 100 ml�1 in nursery

and sow manure lagoon effluent; however, the study also

suggests that while mecA was detected in these farm types,

finisher farms did not have detectable levels. This may indi-

cate mecA resistance may be labile in both the pig and lagoon

effluent once antibiotic pressure is removed. While pig farms

do not use methicillin or closely related derivatives, it is

conceivable that co-resistance could develop as a result of

using other antibiotics (Monnet et al., 2004).

Overall, the highest level of antibiotic resistance GU was

associated with tetA and ermF genes; tetA reached an average

of 109 GU 100 ml�1 while ermF was approximately 6 � 108.

Highest levels, for both genes, were reached in nursery farm

lagoon effluent. While it wasn’t possible to obtain antibiotic

usage data from the currently evaluated farms, antibiotic use

was consistent with other North American farms at the time.

According to Dewey et al. (1997), USA farmers applied

continuous antibiotics in w75% of nursery feed which

decreased to 55 and 44% for finishers and sows, respectively.

Based on relatively recent reports, nursery, finishers, and sow

farms employed various combinations of tetracycline, mac-

rolide, penicillin, and aminoglycoside antibiotics depending

on growth phase (Dewey et al., 1997; Apley et al., 2012). Dewey

et al. (1997) reported that nursery and early stage growout

farms were more likely to receive antimicrobials. Nurseries

more often used apramycin and tetracycline/penicillin com-

binations; while, sows reported using tetracycline and

neomycin combinations (Dewey et al., 1997).

tetA was the only gene found to be statistically influenced

by farm type; however, when gene levels were normalized to

16S, the influence of swine farm type was noted for tetA, ermF,

and intI, whichmay indicate an influence of cellular gene copy

number. tetB, intI, and ermA ranged from 106 to 107 GU

100 ml�1. It’s not surprising to find tetracycline and macrolide

resistance at such high levels in swine effluent as others have

reported this trend (Barkovskii et al., 2012; Brooks and

McLaughlin, 2009). Likewise, given the broad-based antibi-

otic usage in all three swine phases (Dewey et al., 1997),

resistance levels would be expected to remain high.

Barkovskii et al. (2012) reported various tet resistance alleles in

three different stages of pig rearing with frequencies ranging

from 1 tet GU per 103 to 107 16S rRNA GUs. These values are

within the detectable range reported in the current study,

indicating tetracycline resistance is common and widespread

throughout pig rearing, regardless of process stage,

geographic location, or antibiotic dose. Barkovskii et al. (2012)

regarded tetracycline resistant genes as either transient or

persistent based on below detection or persistence

throughout all farm stages. Tetracycline resistance genes (tetA

and tetB), in the current study, were readily detected

throughout all farm types and individual farms. tetB, however,

appeared to be the most “transient” as it was detected in 53,

90, and 70% of sow, nursery, and finisher farms, whereas tetA

was detected in all lagoons (Table 2). Macrolide resistance

genes (ermA and ermF) were detected in nearly all lagoonswith

89 and 97% of positive detections in lagoons, respectively.

Similar findings have been reported for other swine farms

(Chen et al., 2010). Rajic et al. (2006) reported antibiotic use in

Canadian swine operations stating chlorotetracycline (tetra-

cycline class) and tylosin (macrolide class) were themost used

antibiotics in weaner and finisher operations, respectively,

which would corroborate the current results. The same study

demonstrated that, overall, fewer farms used antibiotics as

pig age increased (nursery > finisher > sow). Though, an

American study estimated that gross usage of antibiotics

increased with age (Apley et al., 2012), partially due to the

higher pig weights. The discrepancies in these two studies

demonstrates the difficulties in assessing antibiotic use on

farm. In the current study, it would appear that antibiotic

resistance genes were found in nearly all swine lagoons, a

propensity towards younger pigs was apparent.

The integrase gene (intI), from class I integrons, was also

widely distributed throughout all swine farm types and la-

goons. Integrase was present and found in the same pro-

portions as tetA and ermF, possibly indicating co-selection;

integrons are commonly associated with multi-antibiotic

resistance (MAR) in a variety of environments (Leverstein-

van Hall et al., 2002). Previous investigation from these

farms indicated numerous instances of MAR among isolates,

particularly from nursery and sow farms (Brooks and

McLaughlin, 2009). It is important to note, that only a small

fraction of potential resistance genes were investigated and

thus, interpretations could change with a more exhaustive

analysis.

3.3. 16S rRNA sequence libraries

The effect of farm type on the microbial members of each

swine manure lagoon was investigated. Specific clone li-

braries from lagoons were selected, to avoid replication, by

comparing 16S ARDRA restriction profiles. Based on ARDRA

discrimination, it appeared that sow farms (5 unique profiles)

were more diverse than nursery or finisher farms. Nursery

and finisher farms only presented two unique profiles each

(data not shown), which may indicate that continuous anti-

biotic use limited variability between farms. The libraries

Table 2 e Frequency of detection for gene targets in lagoon effluent as determined by swine farm type.

FarmType 16S Camp-16s. spaQ tetA tetB mecA intI ermA ermF

Sow 17/17 9/17 16/17 17/17 9/17 2/17 17/17 16/17 17/17

100% 53% 94% 100% 53% 12% 100% 94% 100%

Nursery 10/10 8/10 8/10 10/10 9/10 3/10 10/10 8/10 10/10

100% 80% 80% 100% 90% 30% 100% 80% 100%

Finisher 10/10 10/10 10/10 9/10 7/10 0/10 9/10 9/10 9/10

100% 100% 100% 90% 70% 0% 90% 90% 90%

Total 37/37 27/37 34/37 36/37 25/37 5/37 36/37 33/37 36/37

100% 73% 92% 97% 68% 14% 97% 89% 97%
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were compared with Mothur and an overall trend emerged

from libshuff and parsimony analyses suggesting that 16S

rRNA OTU libraries from finisher farms were significantly

different from nursery and sow farms (data not shown),

though parsimony analysis suggested all three swine manure

lagoons were significantly different from one another. Single

library chao estimations (alpha diversity) indicated sow farms

were the most enriched, followed by finisher and nursery

farms. Once again, this may indicate decreased antibiotic use.

Shared chao and ace estimations demonstrated that shared

richness was highest between nursery and sow farms, while

finisher farms shared less (Fig. 2). Estimates of dissimilarity

(sorest and thetayc) demonstrated finisher farms were more

dissimilar to nursery and sow farms, than comparisons be-

tween nursery and sow farms (Fig. 2). As can be seen from

Fig. 3, the distribution of identified sequences at the phylum

level showed that Bacteroidetes, Proteobacteria, and Firmi-

cutes were the most dominant phyla in all three swine farm

lagoons (Fig. 3a). Sow farms demonstrated the most diverse

distribution of phyla with 8/9 phyla represented; closer in-

spection of represented classes reveals 16/18 classes were

represented in sow farms, followed by nursery farms (Fig. 3b).

Despite more sequences represented from sow farms, their

distributions were weighted in classes already heavily repre-

sented in nursery and finisher farms (Clostridia and Gam-

maproteobacteria), indicating Proteobacteria and Firmicutes

were dominant phyla. Though dominant taxa remained the

same throughout all three farm type stages, therewas a subtle

loss in diversity as pigs aged, indicating decreasing diversity

among microbial inhabitants of the swine manure lagoons as

pigs age and the fecal, hence intestinal, microbial biota sta-

bilizes. It also may suggest a decrease in potential disease,

whichmay lead to fewer disturbances to gut microbiota. Cook

et al. (2009) reported on the distribution of 16S rRNA genes in a

swine farrowing operation manure lagoon. Their findings

indicated that dominant sequences were distributed among

two phyla, Bacteroidetes and Firmicutes, a finding also re-

flected in the current study. Cook et al. (2009) also indicated

that taxa were seasonally dependent, and that the genus

Bacteroides was particularly interesting as a correlation be-

tween malodorous compounds and the taxa was found,

particularly in the winter. Though the current study did not

investigate seasonal variation, the Bacteroidetes class, of

which Bacteroides belongs to, was more dominant in nursery

farms, indicating potential for increasingmalodorous releases

from these swine farm types. Goh et al. (2009) reported similar

findings to those presented here. It is important to note that

though 500 sequences were evaluated, rarefaction analysis of

each library (data not shown) demonstrated that a more

exhaustive sequencing endeavor is warranted.

4. Conclusions

This study represents a unique genomic microbial compari-

son of swine farm type, including: sow, nursery, and finisher

Fig. 2 e a) Shared bacterial community richness (chao & ace

estimation) and b) dissimilarity in bacterial community

membership (Sorensen estimation [sorest]) and structure

diversity (Yue & Clayton theta [thetayc]) estimates between

each farm type combination.

Fig. 3 e Distribution of 16S rRNA sequences based on

swine farm type classified by a) phylum, and b) class.
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operations. While studies of this kind have been conducted in

the past, most have focused on one type of pig-rearing oper-

ation or focused on culturemethods to facilitate comparisons.

Economic burdens and demands of environmental protection

have put pressures on the swine industry, in certain parts of

the country, which may dictate the regional dominance of

specific swine farm management types.

� In the current study, finisher farms were found to be the

most unique operation, in nearly all measured aspects.

� Tetracycline and erythromycin resistance were abun-

dantly found in all three types of wastewater, while the

current findings suggest swine wastewater is not a major

source of the methicillin resistance gene, mecA.

� Finisher farms harbored the fewest antibiotic resistance

genes, and represented the least diverse microbial ecology.

Finisher farms are known to continuously use antibiotics

in feed and thus may lead to decreased diversity; however,

fewer antibiotic resistance genes may indicate less thera-

peutic treatment, a shift to other resistance genes, or a

stabilizing gut microbiota.

� A shift to finisher farms appears to also select for

Campylobacter and Salmonella, while also selecting for VBNC

Campylobacter, as the discrepancy between GU and culture

MPN increased in finisher farms.

� Sow and nursery farms, statistically, had the most antibi-

otic resistance, while their microbial ecologies were the

most similar.

� Reliance on cultivated or genomic values, solely, under- or

over-estimates reported pathogen values; therefore, it’s

advised that both values be evaluated from a risk

perspective.

The implications associated with shifting industry prior-

ities are unknown, though it is certain that swine CAFOs will

continue to land apply their manure lagoon effluent, as it is

currently the most economical and environmental viable

approach to treat this wastewater. However, the presence of

antibiotic resistance genes and pathogens still require envi-

ronmental stewardship on the part of farm operations,

particularly when protecting application site borders (e.g.

limited public exposure and rain runoff).

Acknowledgments

The authors would like to acknowledge the cooperation of the

many growers and contractors associated with the pig farms

visited for this study. We acknowledge the technical assis-

tance provided in sample processing and assays provided by

Renotta K. Smith and Cindy Smith.

r e f e r e n c e s

Apley, M.D., Bush, E.J., Morrison, R.B., Singer, R.S., Snelson, H.,
2012. Use estimates of in-feed antimicrobials in swine
production in the United States. Foodborne Pathog. Dis. 9 (3),
1e8.

Barkovskii, A.L., Manoylov, K.M., Bridges, C., 2012. Positive and
negative selection towards tetracycline resistance genes in
manure treatment lagoons. J. Appl. Microbiol. 112, 907e919.

Binh, C.T.T., Heur, H., Kaupenjohann, M., Smalla, K., 2008. Piggery
manure used for soil fertilization is a reservoir for transferable
antibiotic resistance plasmids. FEMS Microbiol. Ecol. 66,
25e37.

Brooks, J.P., McLaughlin, M.R., 2009. Antibiotic resistant bacterial
profiles of anaerobic swine lagoon effluent. J. Environ. Qual.
38, 2431e2437.

Brooks, J.P., McLaughlin, M.R., Scheffler, B., Miles, D.M., 2010.
Microbial and antibiotic resistant constituents associated with
biological aerosols and poultry litter within a commercial
poultry house. Sci. Total Environ. 408 (20), 4770e4777.

Brooks, J.P., McLaughlin, M.R., Gerba, C.P., Pepper, I.L., 2012. Land
application of manure and class B biosolids: an occupational
and public quantitative microbial risk assessment. J. Environ.
Qual. 41 (6), 2009e2023.

Casey, J.A., Currier, F.C., Cosgrove, S.E., Nachman, K.E.,
Schwartz, B.S., 2013. High-density livestock operations, crop
field application of manure, and risk of community-associated
methicillin-resistant Staphylococcus aureus infection in
Pennsylvania. JAMA Intern. Med. 173 (21), 1980e1990.

Chen, J., Michel, F.C., Sreevatsan, S., Morrison, M., Yu, Z., 2010.
Occurrence and persistence of erythromycin resistance genes
(erm) and tetracycline resistance genes (tet) in waste
treatment systems on swine farms. Microb. Ecol. 60 (3),
479e486.

Chinivasagam, H.N., Thomas, R.J., Casey, T.K., McGahan, E.,
Gardner, E.A., Rafiee, M., Blackall, P.J., 2004. Microbiological
status of piggery effluent from 13 piggeries in the south east
Queensland region of Australia. J. Appl. Microbiol. 97 (5),
883e891.

Cole, J.R., Chai, B., Marsh, T.L., Farris, R.J., Wang, Q., Kulam, S.A.,
Chandra, S., McGarrell, D.M., Schmidt, T.M., Garrity, G.M.,
Tiedje, J.M., 2003. The ribosomal database project (RDP-II):
previewing a new autoaligner that allows regular updates and
the new prokaryotic taxonomy. Nucl. Acids Res. 31 (1),
442e443.

Cook, K.L., Rothrock, M.J., Lovanh, N., Sorrell, J.K., Loughrin, J.H.,
2010. Spatial and temporal changes in the microbial
community in an anaerobic swine waste treatment lagoon.
Anaerobe 16 (2), 74e82.

Cotta, M.A., Whitehead, T.R., Zeltwanger, R.L., 2003. Isolation,
characterizataion and comparison of bacteria from swine
faeces and manure storage pits. Environ. Microbiol. 5 (9),
737e745.

Dewey, C.E., Cox, B.D., Straw, B.E., Bush, E.J., Hurd, S., 1997. Use of
antimicrobials in swine feeds in the United States. Swine
Health Prod. 7 (1), 19e25.

Eberle, K.N., Davis, J.D., Purswell, J.P., Parker, H.M.,
McDaniel, C.D., Kiess, A.S., 2013. A one year study of newly
constructed broiler houses for the prevalence of
Campylobacter. Int. J. Poult. Sci. 12 (1), 29e36.

Fan, W., Hamilton, T., Webster-Sesay, S., Nikolich, M.P.,
Lindler, L.E., 2007. Multiplex real-time SYBR green I PCR assay
for detection of tetracycline efflux genes of gram-negative
bacteria. Mol. Cell. Probes 21 (4), 245e256.

Goh, S.H.M., Mabbett, A.N., Welch, J.P., Hall, S.J., McEwan, A.G.,
2009. Molecular ecology of a facultative swine waste lagoon.
Lett. Appl. Microbiol. 48, 486e492.

Hall, T.A., 1999. BioEdit: a user-friendly biological sequence
alignment editor and analysis program forWindows 95/98/NT.
Nucleic Acids Symp. Ser. 41, 95e98.

Hardwick, S.A., Stokes, H.W., Findlay, S., Taylor, M., Gillings, M.R.,
2008. Quantification of class 1 integron abundance in natural
environments using real-time quantitative PCR. FEMS
Microbiol. Lett. 278, 207e212.

wat e r r e s e a r c h 5 7 ( 2 0 1 4 ) 9 6e1 0 3102



Author's personal copy

Jindal, A., Kocherginskaya, S., Mehboob, A., Robert, M.,
Mackie, R.I., Raskin, L., Zilles, J.L., 2006. Antimicrobial use and
resistance in swine waste treatment systems. Appl. Environ.
Microbiol. 72 (12), 7813e7820.

Kurowski, P.B., Traub-Dargatz, J.L., Morley, P.S., Gentry-
Weeks, C.R., 2002. Detection of Salmonella spp. in fecal
specimens by use of real-time polymerase chain reaction
assay. Am. J. Veterinary Res. 63 (9), 1265e1268.

Leung, K., Topp, E., 2001. Bacterial community dynamics in liquid
swine manure during storage: molecular analysis using DGGE/
PCR of 16S rDNA. FEMS Microbiol. Ecol. 38, 169e177.

Leverstein-van Hall, M.A., Paauw, A., Box, A.T.A., Blok, H.E.M.,
Verhoef, J., Fluit, A.C., 2002. Presence of integron-associated
resistance in the community is widespread and contributes to
multidrug resistance in the hospital. J. Clin. Micobiol. 40 (8),
3038e3040.

Liu, W.T., Marsh, T.L., Cheng, H., Forney, L.J., 1997.
Characterization of microbial diversity by determining
terminal restriction fragement length polymorphisms of
genes encoding 16S rRNA. Appl. Environ. Microbiol. 63 (11),
4516e4522.

Lovanh, N., Loughrin, J.H., Cook, K., Rothrock, M., Sistani, K., 2009.
The effect of stratification and seasonal variability on the
profile of an anaerobic swine waste treatment lagoon.
Bioresour. Technol. 100 (15), 3706e3712.

Lund, M., Madsen, M., 2006. Strategies for the inclusion of an
internal amplification control in conventional and real time
PCR detection of Campylobacter spp. in chicken fecal samples.
Mol. Cell. Probes 20 (2), 92e99.

Massol-Deya, A., Weller, R., Rios-Hernandez, L., Zhou, J.Z.,
Hickey, R.F., Tiedje, J.M., 1997. Succession and convergence of
biofilm communities in fixed-film reactors treating aromatic
hydrocarbons in groundwater. Appl. Environ. Microbiol. 63 (1),
270e276.

McLaughlin, M.R., Brooks, J.P., Adeli, A., 2009. Characterization of
selected nutrients and bacteria from anaerobic swine manure
lagoons on sow, nursery, and finisher farms in the Mid-South
USA. J. Environ. Qual. 38 (6), 2422e2430.

McLaughlin, M.R., Brooks, J.P., Adeli, A., 2012. Temporal flux and
spatial dynamic of nutrients, fecal indicators, and zoonotic
pathogens in anaerobic swine manure lagoon water. Water
Res. 46 (16), 4949e4960.

McLaughlin, M.R., Brooks, J.P., Adeli, A., 2014. A new sampler for
stratified lagoon chemical and microbiological assessments.

Environ. Monit. Assess. http://dx.doi.org/10.1007/s10661-014-
3683-z.

Monnet, D.L., MacKenzie, F.M., Lopez-Lozano, J.M., Beyaert, A.,
Camacho, M., Wilson, R., Stuart, R., Stuart, D., Gould, I.M.,
2004. Antimicrobial drug use and methicillin-resistant
Staphylococcus aureus, Aberdeen, 1996e2000. Emerg. Infect.
Dis. 10 (8), 1432e1441.

Nadkarni, M.A., Martin, E., Jacques, N.A., Hunter, N., 2002.
Determination of bacterial load by real-time PCR using a
broad-range (universal) probe and primers set. Microbiology
148 (1), 257e266.

Rajic, A., Reid-Smith, R., Deckert, A.E., Dewey, C.E., McEwen, S.A.,
2006. Reported antibiotic use in 90 swine farms in Alberta.
Can. Veterinary J. 47 (5), 446e452.

Roberts, B.N., Bailey, R.H., McLaughlin, M.R., Miles, D.M.,
Brooks, J.P., 2013. Spatial and temporal analysis of microbial
populations in production broiler house litter in the
southeastern United States. J. Appl. Poult. Res. 22 (4), 759e770.

Rothrock, M.J., Cook, K.L., Warren, J.G., Sistani, K., 2008. The effect
of alum addition on microbial communities in poultry litter.
Poult. Sci. 87 (8), 1493e1503.

Sabet, N.S., Subramaniam, G., Navaratnam, P., Sekaran, S.D.,
2007. Detection of methicillin- and aminoglycoside-resistant
genes and simultaneous identification of S. aureus using
triplex real-time PCR Taqman assay. J. Microbiol. Meth. 68 (1),
157e162.

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.H., Hartmann, M.,
Hollister, E.B., Lesniewski, R.A., Oakley, B.B., Parks, D.H.,
Robinson, C.J., Sahl, J.W., Stres, B., Thallinger, G.G., Van
Horn, D.J., Weber, C.F., 2009. Introducing mothur: open-
source, platform-independent, community-supported
software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75 (23), 7537e7541.

Sengelov, G., Agerso, Y., Halling-Sorensen, B., Baloda, S.B.,
Andersen, J.S., Jensen, L.B., 2003. Bacterial antibiotic resistance
levels in Danish farmland as a result of treatment with pig
manure slurry. Environ. Int. 28, 587e595.

Smith, T.C., Gebreyes, W.A., Abley, M.J., Harper, A.L.,
Forshey, B.M., Male, M.J., Martin, H.W., Molla, B.Z.,
Sreevatsan, S., Thakur, S., Thiruvengadam, M., Davies, P.R.,
2013. Methicillin-resistant Staphylococcus aureus in pigs and
farm workers on conventional and antibiotic-free swine farms
in the USA. PLoS One 8, e63704. http://dx.doi.org/10.1371/
journal.pone.00637404.

wa t e r r e s e a r c h 5 7 ( 2 0 1 4 ) 9 6e1 0 3 103


